Abstract. This work focuses on inspection of spar-core bond of a helicopter rotor blade using finite element analysis. Structures which have high density, high stiffness cores can be very difficult to inspect due to various mode conversions. FEM was used to capture these mode conversions effectively. The structure consists of a thin spar section followed by a spar-core half space and another thin spar section. A Lamb wave excited in the spar section can mode convert into a Rayleigh wave in the spar-core section due to the coupling of the core material. This in turn mode converts back into a Lamb wave upon interacting with the next spar section. This work focuses solely on capturing the mode conversions between Rayleigh and Lamb modes at different discontinuities in the geometry.
INTRODUCTION
Helicopter rotor blades have very complex geometries and use a wide variety of materials for their construction. Typically high stiffness carbon fiber reinforced epoxy polymers are used along with core materials to form sandwich structures to reduce the overall weight. Although advantageous in terms weight savings, sandwich structures are difficult to inspect for defects. The complex geometries of the rotor blade only adds to the complexities of inspecting these structures. Several researchers have used traditional nondestructive evaluation (NDE) techniques such as taptesting and ultrasonic inspection [1, 2] to inspect sandwich structures. But the limitation of traditional techniques lies in its inability to inspect structures which are inaccessible from the outside. More recently several authors have used guided wave NDE to inspect such structures [3] [4] [5] [6] . Ramadas et al. [6] showed that "Turning modes" can result from mode conversion at structural discontinuities and these modes can be used for inspecting the web section of a T-joint. Chakrapani et al. [7, 8] extended this work by using turning modes and direct modes for inspecting the spar tube of a helicopter rotor blade. Finite element analysis was used to confirm the various mode conversions resulting from mode interaction with geometric discontinuities.
In all these previous research, inspection was carried out in structures where the CFRP skin was bonded to low density core materials. Hence, this does not result in any coupling of the modes to the core since the density and stiffness of the core is very different from the properties of the laminate. However rotor blades do not always use a low stiffness core for their construction. In certain regions of the blade, high density, high stiffness polyester or glass core is used for weight distribution. Inspecting these structures can be a hassle, since several mode conversions occur during wave propagation. Hence, this article focuses solely on capturing some of the mode conversions that occur during wave propagation using finite element analysis.
Finite element models of a simplified/generalized geometry were created and transient analysis using a commercial FE code; ANSYS 13 was performed. The mode conversions at various discontinuities were captured using A-Scans and modes were identified using velocities and displacement profiles/mode shapes. The current work acts as an extension of the work performed by the authors previously on low density, low stiffness cores. The finite element approach used is very similar to what was performed earlier.
NUMERICAL MODEL
The cross section of a typical rotor blade consists of three sections, the leading edge/nose section, the spar tube, and the trailing edge/core section. A schematic of the cross section is shown in Fig. 1 . The previous work [7, 8] investigated on the inspecting the core-spar tube section of the blade, whereas the current work will focus on the nosespar tube section. To be consistent with the previous work, the naming convention is preserved. The spar is a carbon fiber reinforced polymer (CFRP) laminate tube bonded to the CFRP skin, each of equal thickness (1 mm). Where not bonded together, both the skin and spar are bonded to high density core material. Fig 1 refers to the region of spar/skin bonding as the "spar section", the region where the spar is bonded to core as the "web section" and where the skin is bonded to the core as the "skin section". As shown in Fig.1 the web section is curved and forms a curved I-beam. Several researchers have shown dispersive effects of guided waves while propagating in curved geometries. The curvature of the web section also varies across the length of the rotor blade. Hence, a generalized or simplified geometry was considered for this work. The web section was assumed to be flat instead of a curved structure. A schematic of the generalized model is shown in Fig. 2 . The generalized model can be treated as an equivalent of straightening the web section to make it flat. Since the inspection will be performed from the outside similar to the previous work, the region of interest is the spar/web section. This is similar to direct mode propagation as shown earlier [7] . Therefore the generalized geometry has spar sections on either side of the web section. This model discounts any dispersive effects of wave propagation. If required the curvature can be modeled to include dispersive effects.
FIGURE 2.
A generalized/simplified geometry was considered for FEM. The generalized geometry is equivalent to straightening the web section as shown in Fig. 1 . Instead of a curved geometry for the web section, a flat section was assumed.
All finite element simulations were carried out on a commercial FE code: ANSYS 13. 2D, 8 node quadrilateral elements with plane strain condition were used to reduce the 3D problem to a 2D problem. The spar sections shown in Fig. 2 , were modeled as 2 mm thick CFRP plates and the web section which consists of the skin and core were modeled as a stratified half-space. A 1 mm thick CFRP layer was bonded to a very thick polyester core layer to form the stratified half-space. A very thick core layer was modeled to make sure no reflection from the bottom side was interfere with the results. No damping or attenuation was considered for this work. Lamb mode excitation was performed by giving an out of plane nodal displacement for the fundamental anti-symmetric mode (A0) and in-plane nodal displacement for the fundamental symmetric mode (S0). The displacement excitation was a 7 cycle, 200 kHz tone burst subjected to Hanning window as shown in Fig. 3 . A linear transient analysis was performed with a time step size of 200 nanoseconds and total simulation time of 200 microseconds. A-Scans were obtained by extracting time-history nodal displacement at different locations. Thickness displacement profiles were obtained by choosing a particular time step and extracting the Ux and Uy displacements along the thickness direction and plotting them against the thickness.
Each mode has been designated with a unique nomenclature to maintain coherency and continuity. The leftmost mode is the source mode and each of the subsequent developed modes have been written to the right of the source mode. The mode under consideration in each section is highlighted by bold lettering. For Rayleigh waves the subscript does not mean a different mode, rather a second Rayleigh wave which was generated. For example: A0S0 denotes the fundamental symmetric mode which resulted from the mode conversion of the anti-symmetric mode A0. FIGURE 3. The input signal used for excitation was a 200 kHz, 7 cycle tone burst subjected to Hanning window.
The material properties used for CFRP layer and the polyester core are listed out in Table 1 . Unidirectional CFRP is transversely isotropic, and since the wave propagation plane is X-Y plane, with fiber along Z direction, the problem reduces to wave propagation in isotropic medium. The polyester core is also isotropic in nature. 
RESULTS
The wave interaction can be split into three sections; Section I: Lamb wave propagation in spar section, Section II: Rayleigh wave propagation in the stratified half-space, and Section III: Mode converted Lamb wave propagation in the 2 nd spar section. Several researchers have developed equations to demonstrate the dispersive nature of Lamb waves. The dispersion curves presented in this work were extracted using the set of equations developed by Dayal and Kinra as shown in Fig. 4 . For the chosen frequency-thickness product (0.2 MHz-mm), only the fundamental symmetric and anti-symmetric modes can be generated.
FIGURE 4.
The dispersion curves generated for CFRP laminate using properties in Table 1 . Based on the frequency and thickness, only the A0 and S0 mode generation is possible.
Velocity analysis was performed by taking A-Scans at known relative distances (L) and using the waveform overlap technique to determine the time of flight difference (T) at each point. Using the simple relationship L/T, the velocity was obtained numerically. The velocity analysis along with displacement profiles/mode shapes were used to identify the different modes.
A0 Mode Interaction
The symmetric and anti-symmetric mode interaction with discontinuities will be different especially considering the half-space that lies beyond D1. The A0 mode was excited in the first spar section and received after undergoing mode conversions at various discontinuities.
Section 1
This section consists of the 1 st spar section, and the discontinuity D1. The generated A0 mode travels in the 1 st spar section till it interacts with the discontinuity D1. The Uy displacement A-Scan extracted in the 1 st spar section is shown in Fig. 5(a) . Displacement profile of the mode was extracted and plotted against depth as shown in Fig. 5(b) . The mode shape is consistent with the anti-symmetric mode [9] . The velocity analysis performed showed that the numerical velocity of 1050 m/s matches the analytical velocity 1070 m/s obtained from the dispersion curve. Hence the mode propagating in the 1 st spar section can be confirmed as the A0 mode. 
Section II
After interacting with the discontinuity D1, the Lamb mode has to mode convert because, beyond D1 lies the halfspace which cannot sustain a Lamb mode. Hence the Lamb wave A0, mode converts into a Rayleigh wave; A0R in the half-space. The Uy displacement A-Scan extracted in the web-section is shown in Fig. 6(a) . The numerical velocity of Rayleigh mode was determined to be 1190 m/s and the displacement profile extracted was plotted in Fig. 6(b) . The Uy and Ux displacement profiles are consistent with the Rayleigh wave mode shape [9] . This confirms that the mode traveling over the half-space is a Rayleigh wave. 
Section III
The Rayleigh wave travels across the stratified half-space and interacts with the discontinuity D2. The Rayleigh mode cannot propagate any further because the 2 nd spar section cannot sustain a Rayleigh mode. Hence the Rayleigh mode A0R mode converts into lamb modes, A0RA0 and A0RS0. The Uy displacement A-Scan is shown in Fig. 7(a) identifying the Lamb mode A0RA0. The velocity analysis showed that the numerical velocity of 1050 m/s matches the analytical velocity of 1070 m/s and this is also consistent with the velocity obtained in the 1 st spar section. The displacement profile extracted can be found in Fig. 7(b) and is consistent with A0 mode shape. This confirms that mode propagating in the 2 nd spar section is a Lamb mode. 
S0 Mode Interaction
Generating the symmetric mode along with the anti-symmetric mode changes the physics of interaction. Since the anti-symmetric mode has a higher Uy displacement, it can mode convert easily into the Rayleigh mode which also has a higher out-of-plane displacement. Whereas the symmetric mode has lower Uy and higher Ux, which makes it difficult to mode convert into Rayleigh wave in the half-space.
Section 1
If the symmetric and anti-symmetric modes are generated together, they propagate in the 1 st spar section till they interact with D1. The Ux displacement A-Scan extracted in the 1 st spar section is shown in Fig. 8(a) . Displacement profile of the mode was extracted and plotted against depth as shown in Fig. 8(b) . The mode shape is consistent with the symmetric mode [9] . The velocity analysis performed showed that the numerical velocity of 2510 m/s matches the analytical velocity 2540 m/s obtained from the dispersion curve. Hence the mode propagating in the 1 st spar section can be confirmed as the S0 mode. 
Section II
After interacting with the discontinuity D1, the S0 mode has to mode convert. But it cannot mode convert into a Rayleigh mode instead mode converts into a sub-surface longitudinal mode traveling in the CFRP layer of the halfspace. The Ux displacement A-Scan extracted in the web-section is shown in Fig. 9(a) . The numerical velocity of subsurface longitudinal mode was determined to be 2470 m/s, which is consistent with the analytical velocity of 2553 m/s for a longitudinal wave. The displacement profile extracted was plotted in Fig. 9(b) . The Uy and Ux displacement profiles are consistent with the longitudinal wave with a higher Ux component. This confirms that the mode traveling over the half-space is a longitudinal wave. The A0 mode which was generated along with the S0 mode undergoes mode conversions discussed in the earlier section. Since longitudinal waves suffer propagation losses, the sub-surface longitudinal wave cannot travel far and hence degenerates and does not undergoes any more mode conversions. 
DISCUSSIONS AND CONCLUSIONS
The primary objective of this work is to capture the various mode conversions that occur at different discontinuities. Finite element results show that a Lamb wave propagating in the spar section will mode convert into a Rayleigh wave upon interacting with web-section which acts as a half-space. The Rayleigh wave propagating over the half space will interact with D2 and mode convert into a Lamb wave in the 2 nd spar section. This however does not happen in the case of S0 mode generation, where the generated S0 mode, converts into a sub-surface longitudinal mode in the half space. One can use this mode for NDE, however the sub-surface longitudinal mode will suffer higher propagation losses compared to a guided mode.
The stratified half-space will also induces dispersive effects on Rayleigh wave propagation and has to be accounted for any type of velocity measurement. This will be explored as part of the future work. One of the main reasons for using FE models is to use the model as a tool to inspect complex geometries before applying the technique directly. This approach will also highlight the various mode conversions that takes place and gives the ability to distinguish these modes. Two defects commonly found in rotor blades, namely; cracked core and spar-core delamination will be explored as a part of future work. The model in the current work assumes the material to be transversely isotropic, however the analysis has to be repeated to observe mode conversions for anisotropic or orthotropic materials. Similarly this work has to be extended for core where the stiffness is greater than the stiffness of the laminate.
